The upconversion luminescences of YAlO3:Er 3+ phosphor co-doping with different Gd 3+ concentrations are investigated under the excitation of 980-and 532-nm diode lasers. A near ultraviolet upconversion emission at 410 nm is observed in YAlO3 under 532-nm excitation. Moreover, the inactive Gd 3+ ions can improve the upconversion intensity efficiently in a certain range of concentration. Under 980-nm excitation, the visible upconversion emissions at 546 and 646 nm are enhanced by about 10 and 8 times at the Gd 3+ concentration of 40%, respectively. The upconversion emission at 410 nm under 532-nm excitation is also enhanced by 7 times. The substitution of Gd 3+ ions for Y 3+ sites changes the local symmetry of Er 3+ , leading to the improvement of upconversion efficiency.
In the last several decades, the upconversion luminescence of rare-earth-ion-doped materials has been investigated extensively due to their wide applications in solid-state lasers, flat panel displays, biological labeling, and so on [1−3] . Er 3+ has been reported as one of the most popular and efficient ions for upconversion [4−8] . It can provide several intermediate levels with long life time, which can be directly pumped by several diode lights [9−14] . Recently, upconversion phenomena in Er 3+ -doped YAlO 3 crystals have been widely studied because of their high mechanical hardness and considerable thermal conductivity, among others. Several authors have reported upconversion luminescence in Er 3+ -doped YAlO 3 under 518-, 542.4-, 548.9-, 652.2-, and 980-nm excitations [10,15−17] . Therefore, it is very important to improve their upconversion efficiency. There are many factors affecting the upconversion efficiency, such as the local environment, the dopant concentration, and the distribution of active ions in host materials [18] . A recent study has reported that the luminescence intensity can be enhanced by changing the local environment of luminescent centers, which can be performed by doping some suitable inactive ions in the host. For instance, co-doping with Li + -Zn 2+ can prolong the lifetime of the intermediate state 4 I 11/2 of Er 3+ in Y 2 O 3 nanocrystals [19] and enhance the intensity of its upconversion. The presence of Y 3+ in ZrO 2 , which is presumed to reduce concentration quenching, increases the upconversion luminescence intensity of ZrO 2 :Er 3+ [20] . In TeO 2 :Tm 3+ , Yb 3+ , the blue emission is also increased distinctly with an addition of BiCl 3 , which is ascribed to the effect of local environment of Tm 3+ due to the replacement of TeO 2 by BiCl 3 [21] . This means that co-doping inactive ions may be an efficient way to obtain an enhancement of upconversion efficiency.
In this letter, the enhancement of the upconversion A citric acid-to-metal nitrate molar ratio of 1.5:1 was employed to prepare the precursor solution. After the combustion, the precursor was calcined at 1 100
• C for 2 h. The powders were characterized by X-ray diffraction (XRD) on a Bruker D8 advanced equipment (x) using Cu tube with K α radiation of 0.15406 nm in the 2θ range of 20
• -60
• . The morphology of the prepared powders was observed by scanning electron microscopy (SEM) using JSM-6610. Upconversion luminescence spectra excited by 980-and 532-nm lasers were obtained in the spectrophotometer (R-500, Japan Spectroscopic Co., Japan). All the measurements were performed at room temperature. c increase linearly with the increase of Gd 3+ concentration, following Vegard's rule [22] . Figure 2 displays a typical SEM image of the prepared samples. The sample possesses a microstructure of a network with large pores, which is attributed to precursor made by combustion method (see Fig. 2(a) ). During the combustion process, a large amount of decomposed gases is formed which break the interconnected particles. The magnified SEM image is shown in Fig. 2(b) . Figure 3 shows the upconversion emission spectra of Y (0.95−x) AlO 3 : 5 mol% Er 3+ , x mol% Gd 3+ under excitations of (a) 980 and (b) 532 nm. Under the excitation of 980 nm, two strong emission bands approximately centered at 550 and 646 nm, respectively, are observed and can each be assigned to the [10, 15, 16] . Only the upconversion emission centered at 410 nm is observed, which may have resulted from a weak absorption at 532 nm in YA1O 3 : Er 3+ [23] . Figure 4 describes schematically the possible upconversion processes in energy level diagrams of Er 3+ under 980-and 532-nm excitations.
Under the 980 nm excitation, the green emission at 550 nm is performed by the excited state absorption (ESA) and the energy transfer upconversion (ETU). In ESA, the ions in the ground state ( 4 I 15/2 ) absorb a 980-nm laser photon, which is excited to the intermediate 4 [20] . Thus, the population of the 4 F 9/2 level by this mechanism is very small according to the multi-phonon relaxation theory [24] . The main pathways that richly populate the 4 F 9/2 level may be ascribed to the ETU process: Fig. 3(b) ), which correspond to the following transitions of Er 3+ : 2 G 9/2 → 4 I 15/2 and 4 I 9/2 → 4 I 15/2 , respectively, indicating that the ETU process is the ideal method in performing the 410-nm upconverting emission. To our knowledge, this is the first time that upconversion at 410-nm excited by the 532-nm laser is reported in YAlO 3 :Er 3+ . To understand the energy upconversion phenomena, the intensity dependence of upconverted luminescence on excitation power is measured, and the result is shown in Fig.  5 . The upconversion intensity I is proportional to the nth power of the excitation intensity P , that is, I = P n , where n represents the number of photons absorbed per upconversion emission [25] . The output slope for the 410-nm emission band is 1.4 which exhibits obvious deviation from 2. As discussed by Pollnau et al. [26, 27] , by increasing the pump power, the energy transfer process can dominate over the linear decay to facilitate the deletion of intermediate excited states; in turn, this leads to a significant reduction of the slope value. For higher rare earth concentration, similarly, the energy transfer rate also increases due to the shortened distance among the rare earth ions even at low pumping power. This may also lead to the deletion of the intermediate excited states, resulting in a reduction of the slope value [28] . In our work, the doped Er 3+ concentration is 5%. Therefore, the energy transfer process 4 S 3/2 + 4 I 15/2 → 4 I 15/2 + 4 F 9/2 might also be the dominant depletion mechanism of the intermediate level 4 S 3/2, resulting in a slope of emission intensity of less than 2 versus the excitation power. Figure 6 (a) shows the intensity of green and red emissions as a function of the concentration of Gd 3+ (x) under 980-nm excitation at the same excitation power. The integrated intensities of green and red emissions first increased and then decreased with the increase of Gd 3+ content; the maximun intensity existing at x = 40%. The intensity of the green upconversion luminescence of YAlO 3 :5 mol% Er 3+ doped with 40 mol% Gd 3+ is enhanced by about 10 times, and that of the red emission is increased by 8 times compared with the un-doped sample. Similarly, under 532-nm excitation, the intensity of upconversion luminescence of YAlO 3 :Er 3+ first increased and then decreased with an increase of Gd 3+ concentration (see Fig. 6(b) Fig. 1(b) Fig. 7 ). The intensity ratio increases with increasing Gd 3+ concentration from x = 0 to 0.4, and then decreases at higher Gd 3+ concentration. It means that the Gd 3+ concentration can lead to the change of the radiative transition probability of Er 3+ . Generally, a quasi-thermal equilibrium occurs between the 2 H 11/2 and 4 S 3/2 levels [30] . With the thermalization of population at the two levels, and ignoring the effects of self-absorption of the luminescence, the intensity ratio of the 4 S 3/2 → 4 I 15/2 transition to the 2 H 11/2 → 4 I 15/2 can be expressed as
where A 2 and A 1 are the spontaneous emission rates of the 2 H 11/2 and 4 S 3/2 levels, respectively; g 2 and g 1 are 081602-3
